As the 21 st century progresses, photovoltaic technology is becoming a major provider of the world's electricity, while effects of global climate change unfold. This development begs the question: is climate change affecting the energy production of solar cells? In this article, we attempt to answer this question looking backward and forward. We start by analyzing recent trends for global meteorological conditions and solar cell performance parameters, covering the ten-year period between 20016 and 2015. We leverage a field-verified performance model for two of the most well-established solar cell technologies that also feature very different sensitivities to changing operating conditions: silicon and cadmium telluride. We find that climate change has already left its mark: ten years ago, silicon solar panels -on average -generated 4 kWh/m 2 more power than today. Correlating solar cell performance ratio changes and changes in operating conditions, we find that temperature globally is the leading factor for silicon (-0.52±0.03%/K), accounting for ~85% of the observed effect. Water related light absorption in the atmosphere is most likely responsible for much of the remaining contribution. To predict how future solar cell performance is affected, we focus on the implications of raising temperatures. For the end of the 21 st century, we project that silicon PV panels globally will suffer performance reductions of between 0.7% and 2.5% (8 -30 kWh/kWp in North America), depending on the global warming scenario. These reductions will result in significant socio-economic penalties, particularly in a world that produces a significant portion of its electricity from PV panels, and especially if additional effects of global warming, like accelerated panel degradation and extreme weather are considered. Mitigation strategies to reduce these losses include the extension of the electricity gird and the development of improved PV materials, as well as cell and module architectures.
We start by analyzing historic trends using global meteorological data from NASA covering the ten-year period between 2006 and 2015. Correlating solar cell performance trends to recent climatic trends, we establish quantitative relations of how climate change has affected different solar cell performance metrics in the recent past, highlighting the roles of temperature and humidity.
Using past results, we project how the global energy production of PV installations of the two considered technologies will be affected by climate change until 2100, using projections from IPCC's 5 th assessment report and considering three detailed PV deployment scenarios. In our projections we focus on temperature predictions. This choice was motivated by the large uncertainties in projected local insolation changes and by the finding that temperature is the leading contributor to PR changes. Yet climate change is more complex than just global warming. Analysis of past data reveals the correlations between temperature, humidity and aerosols in the recent past, and we use these correlations in our projections.
Locally, variations in insolation may have a stronger effect on energy production, but these effects are additive to the performance changes discussed here, and on a global average basis, no strong variations in total solar irradiance are projected until 2100 [31] .
In the final part of the paper, we discuss consequences of our results as they pertain to a reduction in PV electricity output, additional detrimental effects of global warming, such as accelerated degradation, the potential benefits of using different PV technologies, and mitigation strategies such as extensions of the electricity grid.
Method:
To estimate how climate change affects the performance of different solar cells, we perform the procedure outlined in Figure 1 , which consists of four steps. Finally, correlations between solar cell performance and temperature are used to project global performance reductions in the year 2100 in step 4.
Step1: we analyzed time series of relevant meteorological parameters globally during the ten-year time period from 2006 to 2015. Parameters considered include insolation I(t), temperature T(t), precipitable water TPW(t) and aerosol optical depth AOD(t) These data were obtained from [32] [33] [34] [35] . Trends for insolation and temperature were obtained through linear fits, with the annual change rates denoted I, T, TPW andAOD. Precipitable water and aerosols affect solar cells by reducing light transmission through the atmosphere. Changes in light transmission were calculated by
And are denoted TTPW andTAOD. [ ]is the water dependent light transmission of the solar spectrum through the atmosphere for a given value of total precipitable water as calculated using SMARTS [36, 37] . The reference point of 100% transmission is set at a TPW value of 0. The calculations require specifying a wavelength range, as baseline, we use the range relevant to silicon solar cells (300 nm to 1150 nm). Other conditions are chosen to approximate the AM1.5 spectrum as closely as possible. Data for AOD is given for a wavelength of 550 nm. Results are shown in Figure 2 and are discussed in the next section ( Step 1: Trends in relevant meteorological conditions).
Step 2: we used field-test verified PV performance models [25] to calculated energy yield (yield) and performance ratio (PR) for a silicon and a CdTe solar cells. The energy yield of a solar cell specifies the total amount of energy delivered by it over a certain time and is given by
with the output power of the solar cell at any given instant. Output power can be calculated as the product of measured insolation ( ) and the solar cell conversion efficiency . Efficiency depends on all meteorological factors and is calculated using methods described in [13] and [25] . Note that this calculation considers spectral effects through efficiency. Performance ratio specifies the output of a solar cell with respect to a chosen reference value. In this work, the reference value is the standard testing condition (STC) efficiency of the solar cell [27] , and performance ratio is defined as:
Similarly as with meteorological factors, trends were obtained by linear fit and annual changing rates are denoted yield and PR. The two solar cell technologies Si and CdTe were chosen because they represent over 97% of current PV manufacturing capacity [39] , and because of their difference in band gap.
According to a previous study [13] , we expect that materials with different band gaps are affected differently by climate change. Trends in solar cell performance metrics are shown in Figures 3a -d and 4a -d, and are discussed in section Step 2: Trends in Energy Yield and Performance Ratio.
Step 3: we analyzed correlations between yield, PR and I, T, TTPW and TAOD. We use a cluster analysis to classify regions with different climate change characteristics, and correlations were analyzed based on clusters and combined data sets. Pearson Correlation Coefficients [40] were used to determine the strength of a correlations. All significant correlations are discussed in section Step3: Correlations. A linear fit can be interpreted as a first-order approximation of the unknown, true correlation and can be used to established implied first-order coefficient. In all cases, the data did not support significant higherorder contributions. This analysis reveals quantitatively how solar cell performance ratio and energy yield are affected by changes in climate. Results are shown in Figures 6 through 9.
Step 4: we use the obtained correlations to project how energy production by different solar cells is affected by global warming in different climate scenarios. We use climate scenarios and data from the 5 th IPCC report [19] . In addition, we make assumptions about future deployment scenarios. The results of this final step are discussed in section Projection onto IPCC scenarios and are displayed in Figures 10 and 11.
Step 1: Trends in relevant meteorological conditions.
Results for
Step 1, analyzing ten-year time series of meteorological data and identifying trends, are shown in Regarding Insolation data (I, Figure 2a ), we observe a systematically higher reduction in insolation in an area east of 100° E, which we believe to be an artefact. One indication is the shape of the affected area, which is almost rectangular in the cylindrical projection. The reduction is not obvious from any of the insolation time series in the affected area, but when plotting trends, the darker hue is obvious. On average, values for insolation changes are about 0.8 W/(m 2 ·yr) lower than in the remaining area. In the remaining work, we have excluded the area east of 100° E for all analyses using insolation trends.
With respect to temperature trends (Figure 2b) , we find that our analysis generally agrees with studies published by NASA, for example [41, 42] . In line with [42] , we find an overall warming rate of 0.02 K/year for the whole planet. Temperature changes correlate weakly with changes in insolation (i.e. there is a trend that places that get sunnier also get hotter), and correlates in a cross pattern with change in total precipitable water (i.e. there are places that get hotter and drier, and other places get hotter and more humid). Correlations and average global trends are shown in the supporting material.
Please note that most studies that investigate global warming are done over much longer time periods.
The ten-year trends shown here are at best weak indicators for local temperature developments. Regions in blue, indicating a temperature reduction in the last ten years, are no indication for an overall cooling as temperatures have steadily risen over the past 100 years [43] . This work is concerned with exploring how changes in temperature correlate with changes in PV performance, a ten-year period is sufficient to identify trends and establish these correlations.
There are many contributors to changes in insolation, including for example sun activity [44] and clouds [45] . Two additional contributors are light extinction through precipitable water and aerosols. We have investigated these aspects separately, using satellite data on AOD and TPW and equations 1 and 2. The results are shown in Figure 2 c and d. Overall, we find an increase in humidity resulting in reduced water related light transmission (TTPW) for most of the Northern hemisphere and big parts of the landmass in the Southern Hemisphere. Light transmission here is calculated for a spectral range of 300 to 1150 nm wavelength. The analysis for aerosol related light transmission (TAOD) creates a more diverse picture with the majority of the land mass experiencing an increase in transmission. Note that the scale for aerosol light transmission is valid only for a single wavelength (550 nm); the effect on the overall light intensity is much smaller and depends on the considered spectral range as well as the Angstrom Exponent. The contribution of aerosols changes is the most difficult to quantify.
Step 2: Trends in Energy Yield and Performance Ratio.
In step 2 we use established global solar cell performance models [25] to determine trends in key performance characteristics -yield and performance ratio -of two solar cell technologies -Si and CdTe.
I Energy Yield
In a first series of calculations, we computed annual changes in energy yield (yield) and analyzed statistical distributions. These calculations require an assumption about the distribution of solar panels. In the results discussed here, we use the PV everywhere scenario (described in Step 4) . Results are shown in 
II Performance Ratio
In a second series of calculations, we computed the distribution and statistical properties of performance ratios (PR) of the two solar cell technologies ( Figure 4 ). The advantage of PR is that it is independent of insolation and efficiency, and excludes both of these factors. Excluding insolation eliminates the artefacts seen in Figure 2a and allows analyzing data across the entire globe.
When looking at the changes in PR (PR), the differences between the two PV technologies become apparent (Figure 4a and b) . Whereas silicon shows an overall decrease in PR almost everywhere on the planet (with exceptions in Central Africa, South America, Central Asia and southern Australia), the picture is more diverse for CdTe, which shows increasing PRs in some areas and decreases in others. This qualitative picture is confirmed when looking at the statistical distributions (Figure 4c and d) . PRs for silicon decreased on average by 0.4% annually over the investigated period, whereas for CdTe we observe a very small increase of 0.025% on average annually. An increasing PR is not contradictory to a decreasing yield, the reason lies in the way that PR is calculated, as we will show later. 12,878.
Step 3: Correlations.
In this step we investigate how the trends in meteorological conditions and solar cell performance correlate. Cluster analysis is used to identify regions with different climate trend characteristics, and the impact of climate change on solar cell energy yield and performance ratios are quantified.
I Cluster Analysis
One challenge in this study was that there are a number of counteracting trends in the development of meteorological conditions over the past ten years. One example can be made visible by plotting the 
II Solar Cell Performance
A number of correlations between recent climate trends and changes in solar cell performance can be observed. In the following we summarize and discuss the role of the different meteorological factors on solar cell yield and performance ratio.
a) The role of insolation changes
Insolation directly scales energy yield. Hence, a linear correlation between yield and I is expected and is observed for both investigated solar cell technologies ( Figure 6 ). An implied solar cell efficiency can be b) The role of temperature changes
Temperature affects voltage, current and the resistivities of a solar cell [48] , with lower band gap materials like silicon being more sensitive than larger band gap materials like CdTe. While it is well established that elevated temperatures reduce the power output of any solar cell, the investigated temperature changes did not produce a clear signature on energy yield directly, due to the dominant role and overarching influence of insolation. For this reason, the role of temperature was explored for changes in performance ratio (PR), which excludes insolation effects. Results are shown in Figure 7 . The data for each cluster was fitted linearly (details shown in the supporting material), and the weighted average linear fit for all clusters is also shown in the figure. The highest correlations are obtained for the "hot + dry", the "humid" and the "cold + humid" clusters. Similarly, to the implied efficiency, the slope of this fit can be interpreted as an implied temperature coefficient (TC). The obtained values are -0.52 ± 0.03%/K for Silicon and -0.1 ± 0.1%/K for CdTe. These values differ from the tabulated values, in case of silicon with -0.45%/K slightly and in case of CdTe with -0.26%/K notably. These differences indicate that, at least for silicon, temperature is the leading effect for changes in performance ratio, and accounts for ~85% of the observed change in yield and performance ratio shown in Figure 4 . It also indicates that temperature is not solely responsible, and that 15% of the change is caused by something else. A possible candidate is precipitable water, which we will discuss in the next section.
For CdTe the picture is much less clear. At this point there appears to be a discrepancy between the tabulated and implied temperature coefficient that is not easily explainable. In the next section we will argue that at least some of this discrepancy can be explained by the way that PR is calculated, and that the influence of precipitable water and possibly aerosols must be considered to understand the results. The slope can be translated into an implied temperature coefficient TC. The tabulated temperature coefficients are -0.45%/K (silicon) and -0.26%/K (CdTe). Sample sizes are specified in Figure 5 .
c) The role of precipitable water changes Precipitable water absorbs sunlight on its path through the atmosphere. Consequently, it reduces light intensity and can be expected to reduce yield. A reduction in yield can be detected for silicon, when plotting changes in water related light transmission (TTPW) against yield with moderate significance (RP = 0.28), as shown in Figure 8a . A positive correlation indicates that yield increases with transmission, which conforms to expectations. For CdTe no significant impact on yield was found (not shown).
The situation for performance ratio is different and less intuitive. It also differs for the different solar cell technologies. When investigating dependencies, we found that PR and TTPW for CdTe exhibit a negative correlation with moderate significance (RP = -0.39), whereas no significant correlation was found for silicon (not shown). This result may seem counter-intuitive but can be understood when considering the spectral ranges used in the calculations. When calculating TTPW, and yield we consider spectral effects up to 1500 nm wavelength explicitly. This includes the active ranges for silicon (300 -1150nm) nm and CdTe (300 -850) nm. However, when calculating the reference yield (denominator in equation 4), the measured flux of the solar spectrum is used for insolation ( ). The measured flux includes the infrared portion of the spectrum up to 4000 nm wavelength. As much of the precipitable water absorption happens within the infrared range, the relative reduction in reference yield is different from that of solar cell yield. Much of the water absorption happens outside the active range of CdTe. Consequently, the reference yield is reduced more proportionally than solar cell yield, resulting in the observed increase in PR with reduced light transmission TTPW. This is a quirk of the way PR is calculated, and does not mean that the solar cell becomes more efficient as light transmission is reduced. This behavior can also at least partially explain the discrepancy between the implied and tabulated temperature coefficient for CdTe in Figure 7b as T and TTPW are moderately anti-correlated (RP = -0.4). In the remaining manuscript, we will use tabulated values for CdTe behavior to avoid misinterpretations from the distortion.
Box II: An excurse into the pitfalls of history
At this point we must conclude that the results for CdTe are distorted. There are underlying reasons for why this is the case, that -we feel -warrant a short excurse. One reason is physical; silicon absorbs a wider range of the spectrum than CdTe, and hence changes in the spectrum always affect the balance between the active spectrum and the total spectrum for silicon less than for CdTe. A second possible reason is historical. Many of the tools for solar cell simulation were developed for silicon technology.
Hence, using default settings will generate results that are best suited to understand and interpret the behavior of silicon solar cells. Throughout this study, the results for silicon are much easier to understand than those for CdTe and it requires a deeper look into spectral signatures to come to a coherent picture. This result should serve as a reminder that the introduction of any new technology will have unexpected consequences.
For silicon, much of the water related light absorption happens within its active spectral range, which includes ~95% of the insolation for which spectral effects are considered. Hence, solar cell yield and reference yield are affected similarly, resulting in the lack of a signature (The distortion resulting from this effect is approx. six times stronger for CdTe than for Si). To further explore the possible impact of TTPW on the implied temperature coefficient for silicon, we produced a subset of all conditions in which the humidity anomaly was close to zero (below 0.05 absolute value in Figure 5 ). In this subset the role of precipitable water changes is close to eliminated (plots shown in the supporting material). Recalculating the implied temperature coefficient resulted in a value of -0.48 ± 0.06%/K, indicating that precipitable water effects could also explain the higher value of the implied temperature coefficient for silicon. The impact of aerosol changes on solar cell performance is in many cases less significant than that of temperature and water, and it is more difficult to detect its signature. In addition, the used AOD data was more scattered, with gaps for certain regions and times (see Figure 2d) . When exploring dependencies, we only found one dataset that showed a statistically significant correlation with TAOD: PR of CdTe ( Figure 9 ). Here, we find a positive correlation with moderate significance (RP = 0.44) which conforms to expectations -higher aerosol levels should reduce performance. Yet, as mentioned for precipitable water, PR must be interpreted considering spectral effects. But, also here, the explanation is straightforward: the majority of aerosol absorption happens within the spectral range in which CdTe is active. As this range only includes ~70% of the insolation for which spectral effects are considered, CdTe yield is now proportionally more affected than the reference yield, resulting in the observed positive correlation between TAOD and PR. Step 4: Projections.
The fourth and final step is a projection of how climate change will affect generation of PV electricity over the coming decades. We use the established correlations between trends in PV performance metrics and meteorological parameters, and project them onto climate scenarios as devised by the 5 th assessment report of the IPCC [19] . Global warming projections according to the Representative Concentration Pathway (RCP) 4.5 scenario [49] and using NASAs bias correcting climate model [50] until 2100 are shown in Figure 10a . we use the average temperature data for the RCP4.5 scenario from [53] , and tabulated temperature coefficient values for silicon (-0.45%/K) and CdTe (-0.26%/K).
Scenario 1 -PV everywhere
In a first detailed scenario we use distributed temperature changes around the globe, and we assume that solar panels are installed uniformly on all land masses around the planet. A uniform distribution makes no assumption about installation strategies and requires a pervasive grid to allow free transportation of electricity. For all detailed scenarios we use implied temperature coefficients for silicon (-0.52%/K) from Figure 7 and tabulated values for CdTe (-0.26%/K). By using the implied temperature coefficient, we make the assumption that temperature, precipitable water and aerosols will develop in a way that is consistent with the development observed in the covered ten-year period.
It should be noted that, while trends are consistent with longer term observations, this may not be the case.
Scenario 2 -Where the people are
The second detailed scenario assumes that solar cell capacity is installed proportionally to the population density in an area. Population development until 2100 is projected based on the Shared Socioeconomic Pathways (SSP) "Middle of the Road" scenario (SSP2) [51, 52] . Data were obtained from NASAs Socioeconomic Data and Applications Center (SEDAC) [54] . Population distribution as well as total global population are shown in Figure 5b . This scenario can be interpreted as a minimum infrastructure scenario in which transport distance for electricity is reduced.
Scenario 3 -Where the sun is
The third detailed scenario assumes that solar cell capacity is installed proportionally to solar insolation on land. Average insolation for the covered ten-year time period was used for global distribution. This scenario can be interpreted as a strategy to reduce the number of solar panels needed by placing them more frequently in very sunny areas.
Projections for all scenarios and the different solar cell technologies are displayed in Figure 11 . Detailed scenarios are rendered in color (blue for silicon, green for CdTe), the naïve scenario in greyscale (black for silicon, grey for CdTe). The shaded areas, and the bars in the rightmost figure, correspond to the range given by the RCP2.6 (lower limit) and the RCP8.5 (upper limit) climate scenario [53] .
The detailed scenarios predict a reduction in solar cell performance that is significantly higher than the naïve scenarios (1.3% vs. 0.75% for silicon in RCP4.5). The main contributor to this difference is the fact that the detailed scenarios only consider changes in temperature above land masses. A second contributor is the slightly higher implied temperature coefficient from the correlation analysis compared to the tabulated value (-0.52%/K vs -0.45%/K).
It is noteworthy that projected values mark global averages, and extreme values can be significantly higher. Specifically, the detailed scenarios projects reductions that are twice as high as the average and more, for example, in the Southwest of the United States, parts of Eastern Europe and western Asia.
Furthermore, it should be noted that the presented results neglect diurnal variations. Many climate models show that temperatures during the night rise more than during the day (see for example [55] ).
Differences between Tmin and Tmax on the order of 0.12K over a period of 50 years were reported there. The signatures of climate change and global warming are already affecting solar cells and we should already be able to detect them on solar cell performance. Figure 4b shows that the median performance reduction of silicon solar cells around the planet in the recent past has been on the order of -0.04% relative per year, with reduction of more than twice that value not being uncommon.
The average reduction is about one tenth that of the technologies power degradation rate [29] and should be noticeable on the ten-year timescale that this study was conducted on. The effect should be especially noticeable in regions in which temperature changes were more pronounced like Spain or the Northwestern United States. In addition, solar cells are detectors and solar farms use additional detectors to map local meteorological conditions. Data from these installations could help to more precisely record the effects of climate change and better understand its impact.
 Technology matters:
In this study we have considered two solar cell technologies, Si and CdTe that feature different band gaps and exhibit different sensitivities to changing climate conditions (Figures 3 and 4) . Materials with a higher band gap (ideally 1.3 eV and above) show greater robustness to variations in temperature and humidity than lower band gap materials [13] , but are more sensitive to aerosols.
Screening for new PV materials [44] , as well as optimizing current PV materials and modules [45] should take these considerations into account.
Performance can also be improved within established PV technologies. As solar cell efficiencies increase, less of the absorbed light is turned into heat, resulting in overall lower operating temperatures of the module [58] . Module-and cell architectures can also help to reduce sensitivities to temperature. For example, [10] reports temperature coefficients as low as -0.3%/K for a bifacial PV module with n-type crystalline Si heterojunction solar cells. It can be expected that temperature related performance reductions will be smaller in the future.
 It's not all about cell performance:
In this study we concentrated on the fundamental and intrinsic effects of global warming on solar cells, yet solar installations will be affected in other, and quite likely more significant waysparticularly through degradation and through more extreme weather events.
In 2012, Jordan et al. at NREL conducted a study about how degradation correlates with climatic conditions [59] . Humidity and temperature are stated to be undoubtedly relevant for PV performance. Correspondingly, Si as well as thin-film PV modules were found to degrade faster in hot and humid climates. Degradation does not only affect the solar cell, but the PV module as a whole. Gagliardi et al. [60] , for example, projected the long-term degradation of EVA globally as a function of climate zones and underlined the role of humidity. Moisture ingress is also one cause for corrosion of the metallic silver grid [61] . All these results are indications that the observed trends in climate development will lead to higher degradation rates in all PV module types. Additional performance reduction through faster degradation is likely to be more significant than that caused by elevated junction temperatures.
Climate change also results in an increased frequency of higher impact extreme weather events.
While solar farms generally stand up well to high winds, flooding or hail [62] , extreme weather events like Hurricanes can be problematic. A report from the Rocky Mountain institute [63] analysed solar installations in the Caribbean after hurricanes Harvey, Irma, and Maria and found that, while many survived, some installations were severely damaged. Weather events do not affect performance in the same way as junction temperatures, but are likely to cause considerable economic damage.
An additional factor to consider is air pollution [30, 64] . Globally, air pollution levels are raisingespecially in China and India, among the largest installers in PV -yet Europe and the US have successfully reduced overall particle concentrations [65] . Yield reductions will have to be adjusted for increasing air pollution levels, especially for materials with higher band gaps, as Figure 9 indicates.  Deployment strategies could help: Figure 11 shows that there is a difference in performance reduction depending on how solar panels are distributed around the world. Scenarios 2 and 3 both show slightly smaller losses than the PV everywhere scenario. While a more developed grid has only small implication on the average reduction, it will help manage larger variations in between regions. A more developed grid will support PV deployment in general, as it enables more flexibility in choosing installation sites and in shifting generation between locations. Results from a study by the American Physical Society suggest that new approaches to extend and operate the grid will be required with 30% electricity generation from renewable sources [66] . Other advantages of advanced grids are pointed out, e.g., in [67] .
 It will cost us:
In the RCP8.5 scenario, PV electricity production could be reduced by more than 2.5% on average by 2100 with local performance reductions exceeding twice this value, compared to a 2010 baseline.
Many communities today have defined targets for high renewable energy contributions to electricity demands [68] . At the same time, it is believed that our energy needs will more than double by the end of the century [69] . To supply half the world electricity demand by 2100 with PV would require a capacity in the range of 15 to 20 TW [70] . A 2% performance reduction would then equal 300 to 400 GWP in capacity. For comparison, 400 GWP in capacity were installed globally cumulatively by the end of 2017 [71] or to, in terms of electricity production, roughly the total electricity generation of Germany today or to, in terms of dollar value, on the order of 100s of billion USD in today's value of PV systems. Furthermore, faster degradation and more extreme weather events are likely to reduce the average lifetime of a PV system, an effect that could very well exceed the 2% mark on overall performance reduction, and could exceed it substantially, in addition to raising costs for insurances [72] .
We have chosen in this discussion deployment numbers that are high but not inconceivable. Yet, even if only a fraction of the assumed PV capacity is installed, and even if global warming is limited to 1.5C by the end of the century, raising temperatures will cause economic damage to PV installations that is significant. An effect with a magnitude of 1% may appear small, but as renewable energies become a major contributor to our energy infrastructure, small effects start to matter.
Summary:
Solar cells are sensitive to the conditions under which they operate, particularly to temperature, humidity and aerosols. A changing climate has an effect on PV power generation. In this paper, we presented our findings obtained through statistical analysis of satellite measured meteorological data and modeled photovoltaic field performance. The analysis was carried out in four steps:
Step 1: We analyzed trends in relevant operating conditions for solar cells in the ten-year period between 2006 and 2015. Operating conditions considered include changes in insolation, temperature, and precipitable water and aerosol related light transmission through the atmosphere (Figure 2) . The analysis confirmed an overall global rising temperature and an increase in total precipitable water, resulting in a reduced light transmission through the atmosphere.
Step 2: We repeated the analysis for global energy yield ( Figure 3 ) and performance ratio (Figure 4 ) data of Si and CdTe solar cells data, using calculations based on a field-validated performance model. We found that energy yield for the reference silicon and CdTe PV modules has already decreased by 0.4 kWh/ year and 0.1 kWh/ year, respectively. While overall small, the effect on performance ratio for silicon is -0.04%/year, about one tenth of the technologies degradation rates, these effects are large enough an dit should be possible to measure them.
Step 3: We analyzed the correlations between trends in meteorological and solar cell performance parameters. We used a cluster analysis to identify six types of areas with different characteristics of recent climate change. Clustering assists the correlation analysis by providing an explanation for shifts and outliers. We found that temperature is the leading factor to affect performance of silicon solar cells, and accounts for about 85% of the observed effect (Figure 7a) . While less explicit, we found indications that the majority of the remaining effect can be attributed to changes in precipitable water (Figure 8a and supporting material). The situation for CdTe is less clear because it is partially masked by spectral effects that result in unintuitive behavior of the calculated performance ratio. Raising temperatures still result in a reduction in CdTe performance ratio, yet at a rate that is smaller than expected (Figure 7b) . The reason lies in the signature of precipitable water. Because CdTe is largely not affected by water related light absorption, performance ratio increases with higher atmospheric water contents (Figure 8b) , a quirk of the procedure for calculating the metric. The same effect results in a clear signature of aerosols ( Figure 9 ).
Step 4: We used the established correlations to project the future performance of photovoltaic installations according to IPCC climate scenarios. Given the challenges of predicting future insolation, we focus on the implications of changes in temperature. For this purpose, we calculate changes in performance ratio using the implied temperature coefficient from Figure 7a for silicon and tabulated values for CdTe. Using an implied temperature coefficient, we implicitly consider the added effect of humidity and aerosols. Depending on the climate change scenario, we project relative decreases for silicon PV panels by 2100 between approx. 0.7% and 2.5% (Figure 11 ), translating to 8 -30 kWh/kWp in North
America. An additional finding in this step is that the magnitude of this decrease depends not only on global warming but also on technology. This finding highlights the benefits of developing more robust absorber materials or device architectures.
Beyond the fundamental effects on solar cell performance analyzed here, climate change may pose additional challenges, for example by accelerating PV module degradation through heat and water ingress. And the implications go further still: the projected losses will be intensified by the development of air quality. Regions in which dust and pollution increase will see much higher losses than projected here. The combined performance penalties will have a considerable socio-economic impact, especially if solar energy becomes a leading contributor to satisfying the world's raising electricity demands. Solar panels produced today may well generate electricity for the next 50 years [73] , making it necessary to develop strategies to accommodate for these issues now. The right technology and the right design can not only help to reduce global warming [74] , but also provide stability in a changing environment.
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Supporting Material:
Trends in precipitable water and aerosol optical depth
In Figure 2c and d, we show the trends in water related-and aerosol related light transmission through the atmosphere. For the sake of completeness, we have added the annual changes in precipitable water and aerosol optical depth here ( Figure S1) . Qualitatively, the graphs show the same trend, yet as a metric and to establish correlations, light transmission is a more meaningful parameter. Light transmission not only depends on the change, but also on the baseline value for each location a) annual change in Total Precipitable Water b) annual change in AOD Figure S1 : Maps of the average annual changes in total precipitable water TPW (a) and aerosol optical depth (AOD) AOD (b). These maps were used to calculate the corresponding changes in light transmission as shown in Figure 2 .
Correlation between changes in meteorological parameters:
Correlation between the changes in meteorological parameters over time reveal synergies in the observed development of energy yield and performance ratios. In Figure S2 We find a moderate to strong positive correlation (0.54) between changes in temperature and changes in total precipitable water, indicating that in general areas that get warmer also tend to get more humid.
Additionally, there is a moderate to small positive correlation (0.26) between temperature and insolation, indicating that some of the temperature development is due to variations in the amount of sunlight received. The remaining pairings all show weak negative correlations
Statistical distribution of changes in meteorological parameters:
We have also analyzed the statistical distribution of ten changes in the four considered meteorological parameters based on the ten years between 2006 and 2015. The histograms are shown in Figure S3 . As expected, insolation does on average not change. Yet some areas receive an increasing-and some areas a decreasing amount of sunlight due to statistical variations over the considered period. For temperature, we find an increase of on average of 0.02 K/year, which is consistent with global land and ocean warming rates observed over the past forty years [75] . It is well established that an increase in temperature coincides with an increase in humidity (see for example [76] ) and trends found here (0.04 mm/year on average increase in total precipitable water) are in line with results found in literature (see for example [77] ). Figure 7 shows the aggregated analysis for the correlation of temperature changes and performance ratio changes. To expand on this, here we provide the correlation analysis for each cluster ( Figure S4 ).
Temperature and PR trends for the different clusters
For silicon, it can be observed that, per trend the temperature coefficient increases with temperature. Eliminating the influence of humidity.
To investigate the influence of precipitable water on the implied temperature coefficient in Figure 7a , we filtered the available data for conditions with a negligible change in total precipitable water. For this purpose, we only considered data points within a small interval around 0 on the x-axis in Figure S5a . Using this filtered data, we obtain an implied temperature coefficient of TCI = -0.48 ± 0.06%/K. This result is taken as an indication that precipitable water may be responsible for the discrepancy between the implied and the tabulated temperature coefficient. [ 
